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Abstract 

The  construction  and  performance  of  a  small-scale  fuel  cell  using  traditional  catalysts  and  membrane  separators  is  discussed.  Cell  active  area 
was  1  cm  x  1  cm,  with  a  total  unit  cell  volume  of  0.3  cm3  each.  Under  well-hydrated  conditions  running  under  hydrogen  and  oxygen,  these  cells 
demonstrated  over  600mWcm~2  at  80  °C.  Design  of  flow  fields  and  the  requirements  for  water  management  showed  that  flow  channels  that 
were  too  small  may  have  resulted  in  early  channel  blockage  on  the  cathode,  leading  to  lower  power.  Miniature  cells  suffered  from  higher  than 
expected  interfacial  resistance  which  increased  with  time  and  this  may  be  due  either  to  more  difficult  hydration  control  in  the  membrane  at  smaller 
dimensions,  or  less  compression  in  the  smaller  scale  size  leading  to  higher  flow  field/diffusion  layer  interfacial  resistances.  Running  single  cells 
in  methanol  to  alleviate  hydration  issues  still  showed  much  higher  interfacial  resistances,  but  cell  performance  was  roughly  75  mW  cm-2  at  80  °C 
in  1  M  MeOH  with  20  seem  of  ambient  pressure  air,  and  140  mW  cm-2  in  1 M  MeOH  with  20  seem  ambient  pressure  O2.  Lower  performance  in 
MeOH  may  be  attributed  to  swelling  of  the  sealing  gaskets  in  methanol,  leading  to  increased  interfacial  resistances  over  time. 

©  2006  Elsevier  B.V.  All  rights  reserved. 
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1.  Background  and  Introduction 

Because  power  demands  for  portable  electronics  are  increas¬ 
ing  rapidly,  and  run  times  of  portable  batteries  can  become  the 
limiting  factor  for  many  portable  applications,  much  research 
has  been  focused  in  recent  years  on  developing  longer  lasting, 
higher  power  density  systems.  Fuel  cells  have  received  atten¬ 
tion  for  these  applications  due  to  the  potential  for  fuel  cells  to  be 
smaller  and  more  efficient  than  the  current  battery  chemistries 
that  are  in  use.  For  example,  a  good  Lithium  polymer  cell  can 
have  energy  densities  on  the  order  of  800  Wh  1_  1 .  Methanol  fuels 
have  an  energy  density  of  ~5000  Wh  1  ,  requiring  the  fuel  cell 

to  be  only  16%  efficient  to  be  competitive  with  existing  battery 
systems.  However,  developing  robust,  stable  fuel  cells  that  func¬ 
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tion  under  the  wide  variety  of  operating  conditions  has  proven 
difficult.  Additionally,  fuel  cells,  being  energy  conversion  sys¬ 
tems  rather  than  energy  storage  systems  like  batteries,  must  be 
capable  of  continuously  drawing  on  a  fuel  storage  tank  to  con¬ 
tinuously  provide  power.  This  volume  of  fuel  quickly  becomes 
the  single  dominant  volume  in  the  fuel  cell  system.  Still,  minia¬ 
turization  of  the  fuel  cell  allows  for  the  maximum  volume  to  be 
relegated  to  the  fuel  tank. 

Several  workers  have  developed  miniature  fuel  cell  systems 
in  the  past,  and  continue  to  develop  these  systems  for  small 
scale  applications  that  will  run  on  MeOH  bases  supply  systems. 
Many  workers  have  focused  on  using  microelectromechanical 
systems  (MEMS)  technology  by  machining  Si  based  devices  to 
replace  the  flow  plates  found  in  larger  fuel  cells,  while  others 
have  focused  on  reducing  or  eliminating  the  separator  mem¬ 
brane.  In  the  former  class,  Smyrl  has  published  several  papers 
based  upon  using  a  thin  Si  membrane  that  has  micromachined 
holes  through  the  thickness  of  the  membrane  to  act  as  a  cat¬ 
alyst  support  and  gas  diffusion  layer.  Electrocatalysts  are  sub¬ 
sequently  either  deposited  onto  these  microporous  membranes 
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[1],  or  painted  onto  the  separator  directly  as  has  been  used  tradi¬ 
tionally  in  large-scale  fuel  cells  [2,3].  In  either  case,  these  Si  end 
plates  are  then  and  then  sandwiched  on  either  side  of  a  Nation 
117  membrane.  Good  performance,  approaching  that  of  larger 
scale  fuel  cells,  is  demonstrated,  but  at  very  vigorous  conditions 
(0.25  cm2  of  active  area  with  200  ml  min-1  flow  rate  of  MeOH), 
which  indicates  a  relatively  low  fuel  utilization  efficiency  within 
the  cell.  It  is  likely  that  these  conditions  are  necessary  in  order 
to  overcome  the  diffusion  limitations  through  the  microchan¬ 
nels,  where  stagnant,  diffusion  limited  transport  of  methanol 
from  the  reservoir  to  the  catalytic  surface  must  occur  through 
these  small  micropatterned  channels,  and  thus  high  fuel  sup¬ 
ply  rates  are  required  to  overcome  this  transport.  Nevertheless, 
a  methanol/forced  air  power  level  of  roughly  40  mW  cm-2  is 
demonstrated  at  0.35  V,  and  upwards  of  60  mW  cm-2  is  demon¬ 
strated  at  maximum  power,  which  is  close  to  the  values  reported 
for  large  cells  of  75-80  mW  cm-2  realized  by  the  Los  Alamos 
team  [4] .  Kohl  et  al.  [5]  have  also  used  a  high  surface  area  catalyst 
in  his  work  with  microchannels,  but  has  separated  the  catalytic 
layer  from  the  ionic  conductive  layer  for  fabrication  purposes. 
He  has  then  replaced  the  lost  ionic  contact  between  catalyst 
and  ionomer  by  acidifying  the  incoming  fuel  stream.  While  this 
allowed  for  excellent  miniaturization  of  the  system  (allowing 
for  an  18  p,m  wide  catalytic  area),  performance  from  this  type 
of  cell  was  significantly  below  that  reported  for  large  scale  cells, 
and  showed  only  a  0.35  V  open  circuit  response  (OCV)  with  a 
maximum  power  delivered  of  15  jxW  cm-2  at  80  °C. 

Other  workers  [6]  have  opted  to  use  direct  evaporated  cata¬ 
lysts  in  an  effort  to  make  the  process  monolithically  integrated 
fuel  cells,  but  have  shown  drastically  reduced  performance  as 
a  result  (0.78  mW  cm-2).  The  fuel  supply  rate  on  this  system 
were  quite  low,  only  10  [jlI  min- 1 ,  but  the  active  area  over  which 
the  flow  was  passed  was  also  low,  at  0.018  cm2  of  active  area. 
Scaled  to  consider  the  flow  as  a  supply  per  square  centimeter  of 
active  area,  the  supply  of  fuel  here  is  roughly  500  p,l  min  cm-2 
of  active  area. 

Still  other  attempts  to  miniaturize  fuel  cells  capitalized  on 
the  concept  that  flow  through  channels  at  the  microdimension  is 
almost  always  laminar  [7]  to  remove  the  ionic  separator  within 
a  fuel  cell  and  replace  it  with  a  flowing  separator  of  acid  or  alka¬ 
line  media  to  replace  the  ionic  conduction  path.  Kenis  [8]  and 
Whitesides  [9]  have  used  this  laminar  flow  separation  between 
the  anode  and  cathode  to  good  effect  in  microchannels,  where  a 
moving  channel  of  acid  resulted  in  a  much  higher  ion  exchange 
capacity  when  compared  to  an  ionomer.  However,  power  from 
these  cells  was  not  as  high  as  would  be  expected  from  the  loss 
of  the  crossover  losses  and  the  increased  ion  exchange  capacity, 
with  power  levels  in  the  20-30  mW  cm-2  range. 

Since  the  majority  of  the  volume  of  a  fuel  cell  is  not  con¬ 
tained  within  the  electrode  structures  or  the  separator  membrane, 
targeting  these  structures  for  miniaturization  will  not  yield  a  sig¬ 
nificant  loss  in  volume  of  the  cell.  If,  however,  the  membrane, 
electrode,  and  gas  diffusion  layers  of  the  fuel  cell  remain  iden¬ 
tical  in  structure  and  thickness  to  large-scale  fuel  cells,  perfor¬ 
mance  within  these  layers  commensurate  to  larger  scale  fuel  cells 
can  still  be  reasonably  expected.  What  remains,  then,  is  to  minia¬ 
turize  the  largest  volume  portion  of  the  fuel  cell,  which  would  be 


the  flow  fields,  seals,  and  current  collectors.  These  components 
are  typically  made  of  graphite  or  stainless  steel  in  large  cells, 
with  graphite  being  preferred  due  to  the  electrochemical  inert¬ 
ness  of  the  material  under  harsh  fuel  cell  operating  conditions. 
We  have  focused  on  developing  robust,  reliable  miniature  fuel 
cell  end  plate  hardware  from  graphite  that  is  compatible  with  tra¬ 
ditional  membrane  electrode  assembly  (ME A)  architectures.  In 
this  work,  we  report  on  the  design  and  fabrication  of  the  minia¬ 
ture  fuel  cell  hardware  that  is  designed  for  hydrogen/oxygen 
performance,  as  well  as  some  data  on  the  performance  of  these 
miniature  cells  using  methanol  and  oxygen. 

2.  Design  and  experimental 

Most  large-scale  fuel  cells  use  either  coated  stainless  steel  or 
graphite  for  the  end  plate  material.  These  materials  are  selected 
due  to  their  good  electrical  conductivity  and  relative  electro¬ 
chemical  inertness.  These  plates  are  relatively  thick,  however, 
and  comprise  up  to  95%  of  the  volume  of  larger  fuel  cells.  For 
large-scale  fuel  cells,  this  large  thickness  ensures  that  even  com¬ 
pression  pressure  can  be  applied  on  the  seals  and  active  area  of 
the  fuel  cell  with  little  mechanical  deformation  of  the  end  plates. 
In  a  miniature  cell,  however,  mechanical  deformation  can  no 
longer  be  ignored.  Stainless  steels,  though  more  compliant  than 
graphite,  has  been  shown  to  suffer  from  corrosion  issues  under 
long  operational  times,  and  requires  an  inert  coating  (such  as 
Au)  in  order  to  avoid  this.  This  can  cause  problems  in  the  con¬ 
ductivity  of  the  cell,  which  would  be  exacerbated  in  the  small 
fuel  cell  size.  For  these  reasons,  graphite  end  plates  were  chosen 
for  this  application. 

For  all  of  the  experimental  methods  described  below,  only 
a  single  fuel  cell  was  being  assembled,  although  the  technique 
could  be  applied  to  the  building  of  a  cell  stack,  as  well.  Thinned 
plates  (0.5  mm  thick)  of  nonporous,  high  purity  graphite  were 
obtained  from  POCO,  Inc.  Three  designs  were  fabricated  into  the 
plates.  The  first  was  an  internally  manifolded,  straight  channel 
plate  with  250  jam  wide  channels  separated  by  250  jam  wide  ribs. 
These  ribs  were  recessed  into  the  plate  by  100  pan,  to  allow  space 
for  a  traditional  175  jam  thick  gas  diffusion  layer.  In  the  second 
design,  the  channel  and  rib  widths  were  widened  to  1  mm  each, 
and  the  center  recess  to  accommodate  the  gas  diffusion  layer 
was  removed,  with  the  GDF  accommodated  by  gaskets.  In  the 
final  design,  a  single  channel  serpentine  design  with  1  mm  wide 
channel  on  0.5  mm  wide  ribs  was  fabricated  and  matched  to  the 
same  basic  header  as  was  used  in  the  previous  two  designs.  An 
optical  image  of  each  of  these  designs  is  shown  in  Fig.  1. 

Machining  of  the  flow  field  into  these  plates  was  accom¬ 
plished  by  ultrasonic  milling  at  an  offsite  facility  (Bullen  Ultra¬ 
sonics,  OH).  To  fabricate  these  plates,  a  negative  master  mold 
of  the  pattern  to  be  machined  into  the  plates  is  made  through 
plunge  wire  electric  discharge  milling  (EDM).  This  negative 
master  is  then  mounted  to  an  ultrasonic  horn;  a  slurry  of  0.3  jam 
alumina  slurry  is  passed  over  the  graphite  plate,  and  the  neg¬ 
ative  master  is  pressed,  under  ultrasonic  vibration,  against  the 
graphite.  The  vibration  causes  the  alumina  slurry  to  grind  away 
the  graphite,  resulting  in  a  positive  pattern  being  etched  into  the 
graphite  plate  by  the  ultrasonic  grinding  action.  This  process 
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Fig.  1.  Separate  designs  of  flow  plates  through  the  generations:  250  mm  channels  with  250  [xm  ribs  (far  left),  1  mm  channels  with  1  mm  ribs  (center),  1  mm  channnel 
with  500  [xm  ribs  in  a  single  serptentine  (right).  Each  end  plate  is  roughly  the  same  size,  with  the  same  active  area  (1  cm2).  The  center  plate  has  an  acetate  gasket  in 
place  on  the  plate. 


was  relatively  inexpensive,  and  could  be  used  to  mass  produce 
large  numbers  of  plates  from  a  single  master.  The  smallest  reso¬ 
lution  achievable  with  this  technique,  however,  was  250  pm,  as 
the  ultrasonic  vibration  amplitude  resulted  in  a  50  jxm  tolerance 
for  the  parts. 

Since  standard  cell  membrane  and  electrode  assemblies 
(ME As)  are  already  quite  thin  (roughly  0.5  mm  thickness  per 
ME  A),  it  was  decided  to  use  standard  configuration  and  thick¬ 
ness  MEA  structures  within  the  cell,  to  minimize  power  losses 
due  to  structural  changes  within  the  gas  diffusion  layer,  elec¬ 
trode  layer,  and  membrane  interfaces.  This  also  allowed  a  direct 
comparison  between  the  performance  of  larger  scale  fuel  cells 
and  the  miniaturized  cell,  since  identical  MEA  structures  were 
in  use.  For  this  technique,  fabrication  of  the  electrode  struc¬ 
ture  employed  a  mixture  of  platinum  (for  the  cathode  structure) 
or  platinum-ruthenium  (for  the  anode  structure),  Nation®  dis¬ 
solved  in  a  solution  of  alcohols,  and  a  Teflon®  binding  agent. 
These  three  components  were  mixed  together  and  mechanically 
treated  to  drive  off  the  solvent  structure,  leaving  behind  a  porous, 
claylike  material.  This  material  was  then  pressed  to  the  final  use 
thickness  (in  this  case,  50  pm),  and  pressed  against  the  gas  dif¬ 
fusion  layer.  The  gas  diffusion  layer  was  commercially  available 

TM 

Toray  paper.  Once  the  catalyst  layer  was  pressed  to  the  diffu¬ 
sion  layer,  the  combined  electrode/gas  diffusion  layer  structure 
was  cut  to  a  1  cm  x  1  cm  area  for  the  active  electrodes. 

A  piece  of  175  p,m  thick  fully  hydrated  Nation®  was  used 
as  the  proton  exchange  membrane  (PEM).  The  previously  fabri¬ 
cated  electrode/gas  diffusion  layers  (GDL)  were  placed  on  either 
side  of  the  hydrated  membrane,  and  this  assembly  stack,  con¬ 
sisting  of  the  Toray®  paper  for  the  anode,  the  Pt-Ru  electrode, 
the  Nation®  separator,  the  Pt  cathode  electrode,  and  the  cathode 
Toray®  paper,  was  then  placed  into  a  hot  press,  and  compressed 
at  130  °C  to  diffuse  the  electrode  structures  into  the  Nation,  and 
decrease  the  interfacial  impedance  at  this  interface.  For  all  the 
electrodes  used  in  this  work,  the  cathode  was  never  varied  from 
being  a  pure  Pt  black  electrode  structure  and  the  anode  catalysts 
was  Pt-Ru  black.  A  loading  of  6  mg  cm-2  of  Pt  black  was  used 
in  the  cathode,  while  the  anode  was  loaded  with  5  mg  cm-2  of 
Pt-Ru  black. 

Seals  were  prepared  from  a  thin  commercially  available  adhe¬ 
sive  (50  Jim  thick  VHB™  adhesive  tape  from  3  M),  laser  cut  into 
a  pattern  that  allowed  for  seals  to  be  created  around  the  edge  of 


the  plates  and  the  manifolds,  while  leaving  the  channels  and 
the  connections  to  the  manifold  uncovered.  A  total  thickness  of 
50  jjim  (for  earlier  designs)  to  150  pan  (for  later  designs)  of  tape 
was  used  to  create  the  seals  on  both  the  anode  and  cathode  side 
by  first  applying  the  seal  to  the  end  plate.  The  MEA  assembly 
was  placed  against  the  seal  ring,  and  lightly  compressed  to  allow 
the  adhesion  of  the  tape  to  hold  the  MEA  in  place.  The  anode  end 
plate  was  then  assembled  with  an  adhesive  ring  seal  and  pressed 
against  the  anode  gas  diffusion  layer  and  lightly  compressed  to 
seat  the  seal  ring  against  the  membrane.  Once  complete,  this 
assembly  is  then  compressed  in  a  conventional  press.  The  day¬ 
light  gap  is  reduced  until  a  force  is  detected  on  the  load  cell  of 
the  chucks,  which  indicated  that  the  cell  was  now  clamped  by  the 
chucks.  An  additional  ^75  p,m  of  displacement  was  then  placed 
on  the  chucks  to  compress  the  cell.  This  displacement  typically 
results  in  a  load  force  of  around  600  psi  on  the  end  plates.  Most 
of  the  displacement  is  taken  up  in  the  difference  between  the 
height  of  the  gaskets  from  the  membrane  (150  p^m  nominal)  and 
the  height  of  the  Toray™  gas  diffusion  layer  (GDL)  and  elec¬ 
trode  (225  p,m  nominal).  When  the  cells  were  disassembled  after 
testing,  a  permanent  footprint  of  roughly  50  p,m  was  present  in 
the  backs  of  the  GDL,  indicating  reasonable  compression  and 
interface  between  the  flow  field  and  the  GDL.  In  Fig.  1,  the 
center  plate  is  shown  with  a  gasket  already  in  place  on  the  end 
plate. 

Assembled  cells  were  preconditioned  prior  to  testing  by  hold¬ 
ing  the  cells  at  80  °C  for  24  h  with  20  seem  of  fully  humidified 
hydrogen  and  20  seem  of  oxygen,  with  a  fixed  potential  of  0.5  V 
across  the  cell.  This  potential  would  typically  result  in  a  current 
of  roughly  400-500  mA  cm-2  across  the  cell. 

3.  Results  and  discussion 

To  characterize  the  performance  of  the  cell  assemblies,  the 
cells  were  first  tested  in  hydrogen  and  oxygen.  Each  of  the  three 
flow  plates  was  built  into  a  full  cell  with  identical  active  areas 
and  using  identical  MEA  assemblies.  The  polarization  curves 
for  each  of  the  cells  are  shown  in  Fig.  2.  When  voltage  is  plotted 
against  the  normal  log  of  the  current,  the  low  current  region 
(between  1  and  100  mA)  is  demonstrative  of  the  oxygen  kinetics, 
and  is  normally  reported  at  a  value  of  72  mV  dec-1  [10].  As 
seen  in  Fig.  2,  where  the  polarization  curves  are  plotted  in  this 
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H2  (20sccm)  02  (20  seem),  80C,  7mil  Nation 


Tafel  Slope,  H2  (20sccm)  02  (20  seem),  80C, 

7mil  Nation 


Fig.  2.  Performance  of  cells  built  with  each  end  plate,  using  standard  ME  As 
built  using  7  mil  Nahon.  Conditions — anode:  5  mg  cm-2  Pt-Ru,  20  seem  H2, 
cathode:  6  mg  cm-2  Pt,  20  seem  O2,  80  °C.  (a)  Tafel  slope  of  cells  built 
with  each  end  plate,  showing  polarization  of  70  mV  decade-1  for  each  cell. 
Conditions — anode:  5  mg  cm-2  Pt-Ru,  20  seem  H2,  cathode:  6  mg  cm-2  Pt, 
20  seem  O2,  80  °C. 


fashion,  all  of  the  plates  exhibit  a  Tafel  region  slope  of  this  value, 
indicating  good  kinetics  on  the  electrode,  and  appropriate  supply 
of  oxygen,  since  there  is  no  early  “break”  in  the  curve,  indicating 
early  onset  of  mass  transport  limitations  on  the  cathode. 

In  the  case  of  the  250  jxm  wide  channel  end  plate,  however, 
the  onset  of  discernable  mass  transport  limitation  does  begin 
shortly  after  100  mA  cm-2  is  reached,  which  is  well  before  this 
effect  was  observed  in  the  larger  channel  width  cells.  Most  of  the 
mass  transport  polarization  of  the  hydrogen  oxygen  cell  can  be 
attributed  to  the  transport  of  oxygen  to  the  catalyst  at  high  cur¬ 
rent  densities  under  normal  conditions  [1 1].  If  oxygen  transport 
limitations  are  limiting  the  high  current  regions  of  the  polariza¬ 
tion  curve  in  Fig.  2,  then  this  may  be  explained  as  the  onset  of 
water  formation  on  the  cathode  causing  partial  blockages  of  the 
cell  flow  field,  which  limits  further  oxygen  supply  to  the  cat¬ 
alytic  layer  [12].  This  would  explain  the  dependence  on  the  size 
and  shape  of  the  flow  field  as  well,  since  the  smaller  channels 
would  be  more  susceptible  to  blocking  by  the  precipitation  of 
water  droplets  within  the  cathode  channels,  leading  to  an  early 
onset  of  mass  transport  limitations. 


Comparision  of  hydration  conditions  on  H2-02  miniature  cell, 
80C,  20sccm  H2,  20sccm  02,  7  mil  Nation,  250pm  channel 

end  plates 


0  0.1  0.2  0.3  0.4  0.5  0.6 

Current  (A/cm2) 


Fig.  3.  Cell  performance  with  smallest  channels,  showing  effect  of  20%  over 
and  20%  underhydration  on  power  delivered.  Conditions — anode:  5  mg  cm-2 
Pt-Ru,  20  seem  H2,  cathode:  6  mg  cm-2  Pt,  20  seem  O2,  80  °C. 


Since  the  flow  rates  for  these  cells  are  relatively  low,  the  pres¬ 
sure  drop  through  the  channels  is  very  small  (no  difference  in 
pressure  between  an  inlet  and  outlet  pressure  monitor),  there  is 
little  force  available  to  unblock  the  parallel  flow  channel  cells.  It 
should  be  noted,  however,  that  although  the  flow  rates  are  small, 
the  flow  stoichiometry  conditions,  calculated  in  the  manner  of 
Kunz  et  al.  [13]  is  quite  high,  at  a  value  of  5.2  at  a  current  of 
1  A  cm-2 .  Therefore,  it  is  unlikely  that  the  actual  flow  of  oxy¬ 
gen  is  limiting  the  current  of  the  cells,  but  instead  the  diffusion 
of  oxygen  to  the  catalyst  surfaces  is  likely  inhibited  by  water 
droplets  that  form  within  the  channels.  Since  there  is  a  low  flow 
rate  and  little  pressure  drop  to  drive  the  water  out  of  the  parallel 
channel  cell,  any  blockage  in  the  parallel  channel  system  will 
result  in  an  early  onset  of  mass  limitation. 

This  is  in  contrast  to  the  serpentine  channel  flow  field,  where 
any  blockage  in  the  flow  field  will  result  in  a  flow  stoppage 
until  sufficient  pressure  in  built  up  that  the  water  droplet  can 
be  forced  from  the  cathode  flow  field.  Since  this  design  is  not 
susceptible  to  water  blockage,  much  higher  currents  are  sup¬ 
ported.  The  ultimate  current  limitation  at  1.3  A  cm-2  is  at  an 
oxygen  stoichiometry  of  four,  which  is  still  above  limiting  sto¬ 
ichiometry  reported  in  the  literature  [14].  This  indicates  that 
other  mass  transport  limiting  factors,  such  as  water  conden¬ 
sation  within  the  microporous  layer  of  the  electrode  itself  at 
high  currents,  may  be  limiting  the  rate  capacity  of  the  cathode 
[15]. 

One  way  of  testing  whether  or  not  water  blockage  is  having 
a  significant  effect  on  mass  transport  within  the  flow  fields  is 
to  look  at  the  effect  of  hydration  on  the  cell  performance.  In 
this  case,  the  250  [xm  flow  channels  plates  were  used,  which  are 
expected  to  exhibit  the  most  pronounced  effect  of  water  conden¬ 
sation  in  the  small  channels.  Three  stable  operating  conditions 
were  set  up  on  a  cell  running  hydrogen-oxygen  at  our  standard 
conditions,  but  in  this  case,  the  oxygen  flow  was  purposefully 
either  overhydrated  or  underhydrated  by  using  a  dewpoint  water 
saturation  system,  as  has  been  described  elsewhere.  [16]  The 
results  of  these  tests  for  a  fuel  cell  held  at  80  °C  are  shown  in 
Fig.  3.  The  curve  for  optimal  hydration  is  the  same  curve  as  was 
reported  in  Fig.  2  above,  with  hydration  conditions  optimized 
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to  produce  the  maximum  power,  which  was  63%  RH  on  the 
cathode.  The  other  two  data  sets  in  Fig.  3  represent  polarization 
curves  taken  at  20%  over  and  20%  under  this  optimal  humidity 
value  for  the  cathode.  For  the  underhydrated  condition,  the  curve 
is  smooth,  but  the  ohmic  region  of  the  curve  has  a  higher  slope 
than  that  of  the  optimally  hydrated  region.  This  indicates  that, 
as  expected,  the  membrane  is  operating  under  reduced  humidity 
conditions,  with  a  resultant  increase  in  the  membrane  resistance, 
since  the  hydronium  concentration  is  necessarily  lower  in  the 
less  humidified  membranes  [17,18]. 

For  the  overhydrated  condition,  the  curve  is  somewhat  erratic 
and  jagged.  The  slope  for  this  curve  is  again  higher,  though  it  is 
unlikely  that  this  is  due  to  a  higher  resistivity,  as  in  the  case  of 
the  underhydrated  condition.  In  this  case,  overhydration  of  the 
cathode  can  result  in  the  generation  of  excess  water  during  high 
current  operation.  In  the  small  channels  that  were  used  for  this 
test,  the  precipitation  of  water  droplets  would  be  likely  to  block 
the  flow  channels  of  the  fuel  cells,  resulting  in  a  decrease  in  the 
supply  of  oxygen  to  the  cathode  [19,20].  The  lowering  of  the 
oxygen  supply  results  in  a  decrease  in  the  current  of  the  cell,  as 
mass  transport  limitation  on  the  cathode  results  in  an  early  onset 
of  the  limiting  current,  which  lowers  the  current  of  the  overall 
device.  As  a  result  of  this,  less  water  is  generated  at  the  cathode 
under  lower  current,  and  the  water  blockage  may  be  removed  as 
the  water  is  removed.  Once  the  blockage  is  removed,  the  mass 
transport  limitation  of  the  oxygen  is  removed,  and  the  current 
once  again  increases  to  the  previous  level,  and  the  water  gener¬ 
ation  at  the  cathode  increases  as  well.  This  oscillation  between 
water  formation  and  water  blockage  removal  can  result  in  the 
jagged  appearance  of  the  polarization  curve  seen  in  Fig.  3  for 
the  overhydrated  state.  Since  the  cell  is  operating  at  all  times  in 
a  situation  of  early  mass  transport  limitation  on  the  cathode,  the 
polarization  curve  will  show  a  lower  current  at  a  given  voltage. 
This  reduced  current  has  the  effect  of  appearing  on  a  polariza¬ 
tion  curve  as  an  increase  in  the  slope  of  the  ohmic  region  of  the 
curve. 

Operation  of  the  miniature  fuel  cell  was  also  tested  using 
a  one  molar  methanol  fuel  mixture  using  the  three  different 
end  plate  configurations.  The  results  of  these  tests  are  shown 
in  Fig.  4.  As  was  seen  in  the  case  of  the  hydrogen  oxygen  fuel 
cells,  the  methanol  oxygen  fuel  cells  followed  the  same  trend 
of  lower  performance  for  narrow  channels  as  opposed  to  wider 
channels,  and  better  performance  from  serpentine  flow  chan¬ 
nels  than  from  parallel  straight  channels.  The  performance  of 
the  linear  flow  fields  was  significantly  below  the  performance  of 
large  scale  cells  operating  under  these  conditions,  but  the  serpen¬ 
tine  design  demonstrated  performance  of  140mWcm~2.  This 
value  is  approximately  70%  of  the  value  reported  for  methanol 
fuel  cells  operating  with  oxygen  at  60  psi.  and  higher  tempera¬ 
ture  [21].  The  difference  between  the  performance  of  this  fuel 
cell  and  large-scale  fuel  cells  may  be  due  to  the  fact  that  the 
small-scale  fuel  cells  were  operated  at  room  pressure  oxygen 
rather  than  at  elevated  pressure,  and  the  temperature  difference 
between  the  two  tests.  The  performance  of  this  cell  is  above 
that  reported  by  Liu  et  al.  [22]  for  similar  conditions  and  flow 
rates  (80  mW  cm-2  at  0. 1  ml  min-1  MeOH,  1  M,  60  °C,  oxygen 
cathode),  but  the  trends  noted  in  Liu’s  work,  namely  the  effect 


120|il/min  1M  MeOH  20  seem  02,  80C,  7mil  Nation 


Fig.  4.  Cell  performance  of  three  different  plates  using  1 M  methanol. 
Conditions — anode:  5  mg  cm-2  Pt-Ru,  0.12  ml  min-1 1  M  MeOH,  cathode: 
6  mg  cm-2  Pt,  20  seem  O2,  80  °C. 

of  the  width  and  shape  of  the  flow  fields,  is  in  agreement  with 
that  which  is  reported  here. 

The  lower  operation  of  the  linear  channel  fuel  cells  may  be 
interpreted  similarly  to  the  performance  trends  noted  in  the  case 
of  the  hydrogen  performance. 

Fuel  utilization  for  MeOH  operation  can  be  calculated  from 
the  known  flow  rate  through  the  system  and  the  number  of  elec¬ 
trons  involved  in  the  reaction.  For  all  the  data  reported  here,  the 
flow  rate  was  a  constant  0. 12  ml  min-1  flow  rate.  Calculating  the 
theoretical  current  capacity  from  a  modification  of  the  equations 
used  by  Liu  and  Zhao  [23]  gives 

ith  =  nQCF  (1) 

where  /th  is  the  theoretical  current  density,  n  the  number  of  oxi¬ 
dized  electrons,  Q  the  flow  rate  of  the  fuel  through  the  system, 
C  the  concentration  of  the  fuel,  and  F  is  the  Faraday’s  constant. 
The  fuel  utilization  of  the  system,  then,  would  just  be  the  actual 
measured  current  density  at  a  given  voltage  divided  by  the  the¬ 
oretical  current  density  at  that  fuel  supply  rate.  For  the  systems 
measured  in  Fig.  4,  the  fuel  utilization  efficiency  is  calculated 
to  be  only  1.4%  for  the  250  pan  straight  channels,  10.8%  for 
the  1  mm  straight  channels,  and  34.5%  for  the  1  mm  serpentine 
channels.  While  this  is  low  compared  to  some  larger  systems 
[24],  it  compares  well  with  fuel  utilization  reported  for  most 
DMFC  systems  that  are  single  pass  [25,26]. 

Most  of  the  literature  reported  for  direct  methanol  fuel  cells 
does  not  use  oxygen,  but  rather  reports  on  using  air  based 
cathodes  (either  supplied  at  pressure  or  passively  from  the  atmo¬ 
sphere).  The  performance  of  this  cell  operating  on  atmospheric 
pressure  air,  as  opposed  to  oxygen,  is  shown  in  Fig.  5.  The 
performance  of  this  cell  is  roughly  75  mW  cm-2  under  these 
conditions,  which  is  in  good  agreement  with  the  performance 
associated  with  large  direct  methanol  fuel  cells  at  similar  condi¬ 
tions  [27] .  It  is  interesting  to  note  that  the  polarization  associated 
with  the  use  of  air  versus  oxygen  in  these  measurements  is 
approximately  80  mV  at  200  mA  cm-2,  but  increases  after  this 
current  value.  This  polarization  is  slightly  higher  than  what 
has  been  reported  in  the  literature  previously  (for  hydrogen 
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Fig.  5.  Cell  performance  of  1  M  methanol  serpentine  plates  using  oxygen  and 
air.  Conditions — anode:  5  mg  cm-2  Pt-Ru,  0. 12  ml  min- 1  1  M  MeOH,  cathode: 
6  mg  cm-2  Pt,  20  seem  O2  or  air,  80  °C. 


Time  dependence  of  HFR,  20sccm  02,  7mil  Nation,  2mil 

acetate  seal 


Fig.  7.  High  frequency  resistance  (HFR)  measurements  of  hydrogen 
and  methanol  cells  over  time,  showing  aging  dependence  of  HFR. 
Conditions — anode:  5  mg  cm-2  Pt-Ru,  20  seem  H2  or  0.12  ml  min-1  1M 
MeOH,  cathode:  6  mg  cm-2  Pt,  20  seem  02  or  air,  80  °C. 


fueled  cells)  [28],  which  may  be  associated  with  the  higher  than 
expected  resistances  within  the  cell  and  the  increased  internal 
polarization  due  to  internal  resistances. 

To  investigate  the  possibility  of  a  small  internal  resistance 
causing  the  slightly  higher  polarizations  associated  with  these 
small  fuel  cells,  high  frequency  resistance  (HFR)  measurements 
were  taken  on  the  cells  under  various  operating  conditions,  and 
the  data  are  shown  in  Fig.  6.  The  method  to  obtain  these  data  is 
a  current  interrupt  method,  and  has  been  reported  in  the  litera¬ 
ture  previously  [29].  Reported  values  for  the  internal  resistance 
for  hydrogen  fuel  cells  are  roughly  0.2  £2  cm-2  at  high  volt¬ 
ages,  increasing  to  0.4  £2  cm-2  at  lower  voltages  [30].  For  the 
miniature  cells  reported  here,  serpentine  channels  start  out  in 
good  agreement  with  the  literature  (M).25  Q  cm-2  at  OCV), 
but  climb  above  0.45  Q  cm-2  at  currents  in  excess  of  1  A  cm-2. 
The  increase  in  HFR  is  usually  associated  with  dehydration  at 
the  anode  under  increased  current  loads,  as  electrosmotic  drag 
dries  the  anode  out,  increasing  the  series  resistance  of  the  mem- 


5mg  cm'2  Pt-Ru  Anode,  6mg  cm'2  Pt  Cathode,  80C,  20sccm 

reductant 


Current  (A/cm2) 

Fig.  6.  High  frequency  resistance  (HFR)  measurements  of  hydrogen  and 
methanol  cells  under  various  conditions,  showing  current  dependence  of 
HFR.  Conditions — anode:  5  mg  cm-2  Pt-Ru,  20  seem  H2  or  0. 12  ml  min- 1 1  M 
MeOH,  cathode:  6  mg  cm-2  Pt,  20  seem  02  or  air,  80  °C. 


brane  at  higher  currents.  This  effect  should  be  compensated  for 
by  using  methanol  as  the  fuel,  since  water  is  continually  replen¬ 
ished  at  the  anode  from  the  fuel  supply.  The  data  in  Fig.  6  for 
both  the  air  and  oxygen  case  of  methanol  do  not  agree  with  this, 
however.  In  the  case  of  the  methanol  fuel  cell,  normal  open  cir¬ 
cuit  HFR  is  typically  below  100  m^,  but  for  the  cell  reported 
here,  the  value  is  closer  to  400  m£2,  with  a  much  more  rapid 
increase  under  higher  current  loads.  Since  the  membrane  hydra¬ 
tion  is  unlikely,  in  this  case,  to  be  the  cause  of  this,  the  resistance 
increase  from  hydrogen  to  methanol  must  be  due  to  some  other 
factor  increasing  the  internal  series  resistance. 

High  internal  cell  resistance  can  come  from  an  increase  in  the 
interfacial  impedance  between  the  end  plate  and  the  gas  diffusion 
layer,  or  between  the  electrode  layer  and  the  gas  diffusion  layer, 
or  between  the  electrode  catalyst  layer  and  the  membrane.  Since 
the  gas  diffusion  layer  and  electrode  catalyst  layer  are  prepared 
in  the  same  manner  in  both  the  hydrogen  and  methanol  case, 
it  is  unlikely  that  variations  here  can  be  causing  the  changes 
in  the  measured  HFR.  An  increase  in  the  interfacial  resistance 
is  possible,  however,  due  to  the  nature  of  the  sealing  material 
between  the  membrane  and  the  flow  field  end  plate. 

As  mentioned  in  the  experimental  section,  the  fuel  cell  is 
held  together  using  a  acetate  seal  that  provides  both  the  liquid 
and  gas  seal  on  the  anode  and  cathode,  and  also  serves  to  pro¬ 
vide  the  mechanical  structure  to  hold  the  cell  together.  While 
operating  in  a  hydrogen  environment,  dimensional  change  of 
the  acetate  seal  is  small,  since  uptake  of  water  in  the  acetate 
is  minimal.  However,  the  acetate  can  absorb  methanol  easily, 
and  leads  to  large  dimensional  changes  in  the  acetate  [31,32]. 
By  absorbing  methanol,  the  acetate  seals  will  expand  and  sepa¬ 
rate  the  current  collector  end  plate  away  from  the  gas  diffusion 
layer,  thereby  increasing  the  interfacial  resistance  and  causing  a 
drop  in  the  performance  of  the  cell  over  time.  This  is  shown  in 
the  data  in  Fig.  7,  where  the  HFR  for  the  methanol  and  hydro¬ 
gen  fuel  cell  under  nominal  current  (^200  mA  cm-2)  is  shown 
as  a  function  of  days  of  operation.  For  the  hydrogen  case,  no 
swelling  is  expected  in  the  seals,  and  the  change  in  the  HFR 
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is  on  the  order  of  only  ~10%,  which  is  likely  to  be  related  to 
stress  relaxation  on  the  polymer  acetate  seal.  However,  in  the 
methanol  case,  the  change  is  on  the  order  of  ~  150%.  It  is  pos¬ 
sible,  given  the  response  of  the  acetate  to  methanol  in  the  fuel 
stock,  that  this  is  the  source  of  the  increased  HFR  noted  in  the 
methanol  performance  of  the  cell,  versus  the  performance  in  the 
hydrogen. 

4.  Conclusions 

We  have  built  and  tested  a  miniaturized  hydrogen/oxygen  fuel 
cell  that  has  achieved  power  densities  close  to  those  reported  for 
large  fuel  cells  operating  under  enhanced  conditions,  and  requir¬ 
ing  no  external  compression  for  operation.  The  seal  gaskets  are 
made  of  a  thermoplastic  adhesive  that  is  laser  cut  to  seal  both 
the  internal  manifolds  as  well  as  the  external  surface.  The  gas¬ 
kets  are  only  50  p,m  thick,  and  provide  compression  for  the  end 
plates  to  the  gas  diffusion  layer  as  well  as  the  membrane.  Indi¬ 
vidual  cells  assembled  using  this  technique  produce  a  maximum 
power  of  approximately  600  mW  at  80  °C  from  20  seem  of  fully 
hydrated  hydrogen  and  oxygen.  Water  management  in  the  small 
channels  is  shown  to  be  power  limiting,  as  water  condensation 
on  the  cathode  leads  to  a  very  early  onset  of  mass  transport 
limitation  for  the  oxygen.  The  onset  current  for  mass  transport 
limitation  can  be  increased  by  widening  the  channels,  with  more 
narrow  channels  suffering  more  acutely  from  water  manage¬ 
ment,  possibly  due  to  the  increased  capillary  forces  present  in 
these  smaller  channels.  Methanol  performance  in  single  minia¬ 
turized  cells  has  been  shown  to  produce  over  140  mW  of  power 
from  1M  methanol  using  120  p,l  min-1  at  80  °C  with  oxygen 
reductant,  and  75  mW  under  similar  conditions  using  air.  Fuel 
utilization  for  the  cells  was  able  to  achieve  as  high  as  34%  using 
a  single  pass  configuration. 

Data  from  the  methanol  experiments  indicated  that  hydra¬ 
tion  alone  cannot  explain  the  higher  resistances  of  the  smaller 
cells,  and  that  compression  and  interfacial  resistances  need  to 
be  improved  for  use  in  small  scale  fuel  cells.  It  is  unclear  at  this 
point  what  the  source  of  the  increased  HF  resistances  are  in  small 
scale  cells,  but  at  least  some  evidence  points  to  a  higher  interfa¬ 
cial  impedance  of  the  membrane  interfaces  and  the  need  to  be 
have  better  compression  in  small  scale  cells  than  is  necessary  in 
an  equivalent  palmscale  fuel  cell. 
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